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Abstract 
Imaging genetics studies involving participants with major depressive disorder (MDD) have 
expanded. Nevertheless, findings have been inconsistent. Thus, we conducted a systematic 
review and meta-analysis of imaging genetics studies that enrolled MDD participants across 
major databases through June 30th, 2017. Sixty-five studies met eligibility criteria (N=4034 
MDD participants and 3293 controls), and there was substantial between-study variability in 
the methodological quality of included studies. However, few replicated findings emerged from 
this literature with only 22 studies providing data for meta-analyses (882 participants with 
MDD and 616 controls).  Total hippocampal volumes did not significantly vary in MDD 
participants or controls carrying either the BDNF Val66Met ‘Met’ (386 participants with MDD 
and 376 controls) or the 5-HTTLPR short ‘S’ (310 participants with MDD and 230 controls) 
risk alleles compared to non-carriers. Heterogeneity across studies was explored through meta-
regression and subgroup analyses. Gender distribution, the use of medications, segmentation 
methods used to measure the hippocampus, and age emerged as potential sources of 
heterogeneity across studies that assessed the association of 5-HTTLPR short ‘S’ alleles and 
hippocampal volumes. Our data also suggest that the methodological quality of included 
studies, publication year, and the inclusion of brain volume as a covariate contributed to the 
heterogeneity of studies that assessed the association of the BDNF Val66Met ‘Met’ risk allele 
and hippocampal volumes. In exploratory voxel-wise meta-analyses, MDD participants 
carrying the 5-HTTLPR short ‘S’ allele had white matter microstructural abnormalities 
predominantly in the corpus callosum, while carriers of the BDNF Val66Met ‘Met’ allele had 
larger grey matter volumes and hyperactivation of the right middle frontal gyrus compared to 
non-carriers. In conclusion, few replicated findings emerged from imaging genetics studies that 
included participants with MDD. Nevertheless, we explored and identified specific sources of 
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heterogeneity across studies, which could provide insights to enhance the reproducibility of this  
emerging field. 
 
Keywords: depression; genetic polymorphisms; diffusion tensor imaging; magnetic resonance 
imaging; voxel-based morphometry; meta-analysis 
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Abbreviations 
AD, axial diffusivity; MDD, Major depression disorder; MRI, magnetic resonance imaging; 
MD, mean diffusivity; SDM, Seed-based d Mapping; VBM, voxel-based morphometry; fMRI, 
functional MRI; HC, healthy controls; ES, effect size; DTI, diffusion-tensor imaging; FA, 
fractional anisotropy; FWHM, full width at half maximum; OFC, orbitofrontal cortex; UF, 
uncinated fasciculus; MFG, middle frontal gyrus; IFG, inferior frontal gyrus; BDNF, brain-
derived neurotrophic factor; COMT, catechol-o-methyl transferase; 5-HTTLPR, 5-HTT gene 
(SLC6A4) linked polymorphic region; DLPFC, dorsolateral prefrontal cortex; VLPFC, 
ventrolateral prefrontal cortex; SLF, superior longitudinal fasciculus; ILF, inferior longitudinal 
fasciculus; ROI, region of interest; HC, healthy controls; WBA, whole brain analysis; RCs, 
carriers of risk genotypes; NRCs, non-carriers of risk genotypes; DMN, default mode network; 
TBSS, tract-based spatial statistics. 
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1. Introduction 
Major depressive disorder (MDD) is a chronic condition with an estimated lifetime prevalence 
of 14.6% in high- income countries and 11.1% in low and middle- income countries. The 
disorder is a leading source of disability worldwide (Bromet et al., 2011; Zhang et al., 2016). 
The pathophysiology of depression remains incompletely understood and may involve the 
complex interaction of genetic and environmental factors  (Otte et al., 2016; Vialou et al., 
2013). The heritability of depression has been estimated to be 37% according to twin studies 
(Sullivan et al., 2000). However, the search for genetic risk variants for depression has been 
challenging, partially due to the phenotypic heterogeneity of this syndrome that may imply 
distinct genetic architectures (Kendler, 2016; Mullins and Lewis, 2017). Only with the recent 
development of genome-wide approaches and the inclusion of large samples sizes, the field has 
witnessed the identification of the first genetic variants  of risk for depression that reached 
genome-wide significance (CONVERGE consortium, 2015; Direk et al., 2017; Hyde et al., 
2016; Mullins and Lewis, 2017).   
 Imaging genetics is a field of investigation that aims to gain mechanistic insights on the 
impact of genetic variations on brain structure, chemistry, and function in health and disease 
(Carter et al., 2017; Pereira et al., 2017). Several approaches can be used in imaging genetics 
studies. In the candidate gene approach, a hypothesis-driven association with a genetic 
variation is related to neuroimaging measures. This approach also includes genetic variants 
derived from a genome-wide association study (GWAS), where the identified variants can be 
further investigated for possible influences in brain structure or function, theoretically 
enhancing the degree of specificity and confidence of the hypothesis. A second approach is the 
discovery-based approach (Carter et al., 2017). This adopts a non-theoretical approach and do 
not specify a variant based on prior observation (Carter et al., 2017). This include GWAS 
without the further selection of candidates or studies where a neuroimaging abnormality per se 
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could be assessed as a phenotype for the investigation of the impact of genetic variations on 
specific structural or functional neuroimaging abnormalities. This later approach may also be 
used in a hypothesis-free basis to investigate genetic variations that could survive stringent 
statistical correction for multiple comparisons on specific imaging (endo) phenotypes. Finally, 
as a disorder or trait may be associated with several genes, there is the more recent polygenic 
approach, in which several variants can be analyzed in the form of a polygenic risk score, or 
the occurrence of summation or epistatic interactions between different genes can be 
investigated (Wray et al., 2014). 
 Although imaging genetics studies have flourished in the literature, concerns regarding 
their reproducibility have been raised (Carter et al., 2017). For example, a recent systematic 
review of 40 imaging genomics studies probing the impact of 7 genes that reached genome-
wide significance for schizophrenia and bipolar disorder found that most studies  were limited 
by small sample sizes, poor clinical-genetic design, and a lack of statistical correction for 
multiple comparisons, while few true replications were reported (Gurung and Prata, 2015). 
Similarly, a recent systematic review that included 44 imaging genetics studies enrolling 
participants with bipolar disorder found a single replicated finding, namely the association of 
the BDNF Val66Met ‘Met’ allele with reduced hippocampal volumes (Pereira et al., 2017). 
 Several imaging genetics studies involving participants with unipolar depression have 
been performed (Alexopoulos et al., 2009; Frodl et al., 2008; Frodl et al., 2004; Frodl et al., 
2010; Hickie et al., 2007; Kanellopoulos et al., 2011; Taylor et al., 2005; Wang et al., 2012). 
However, to our knowledge, findings have been inconsistent across studies, with most studies 
adopting the candidate gene approach. For example, one study found that individuals with 
MDD who were carriers of the BDNF Val66Met ‘Met’ risk allele had smaller hippocampi than 
non-carriers (Frodl et al., 2014), while another study failed to replicate this finding (Cole et al., 
2011). Similarly, the effects of polymorphisms of the serotonin transporter promoter region (5-
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HTTLPR) on hippocampal volumes in individuals with MDD have not been consistent across 
studies. While some studies suggest that carriers of the 5-HTTLPR long ‘L’ allele could exhibit 
smaller volumes (Taylor et al., 2005), others found no effect of the polymorphism on 
hippocampal volumes (Ahdidan et al., 2013). Several potential sources of heterogeneity could 
explain the discrepant findings, including the selection of samples with different characteristics 
across studies, or different procedures used for image acquisition and analysis. For instance, the 
correlations between different automated methods for the assessment of amygdala and 
hippocampal volumes against manual segmentation methods do not appear to correlate strongly 
(Schoemaker et al., 2016). 
 The emergence of many imaging genetics studies conducted in participants with MDD 
in the literature as well as the discrepant findings across studies prompted us to perform a 
comprehensive systematic review and meta-analysis of imaging genetics studies involving 
participants with MDD. The identification of replicated evidence from studies that reported the 
impact of gene variants on both pre-determined regions of interest (ROI) as well as functional 
and structural magnetic resonance imaging (MRI) studies that provided whole-brain analysis 
were synthesized. In addition, when replicated evidence was available we estimated the power 
of the meta-analysis due to concerns of lack of proper statistical power in this specific field 
(Carter et al., 2017). We considered for inclusion studies that primarily enrolled participants 
with MDD to identify possible imaging endophenotypes that could have emerged from this 
literature. However, neuroimaging data that assessed the effects of the same genetic variants in 
control groups were also extracted whenever available. This approach aimed to identify 
possible gene versus group (i.e., MDD compared to controls) interactions on brain structure and 
function. If a particular genetic variant is associated with an imaging finding in MDD subjects, 
we expected that carriers of the polymorphism would have altered values with respect to the 
non-carriers, which would not occur in the healthy controls carriers of that particular allele. 
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Whenever a genetic variant is associated with imaging alterations in either MDD or HCs, it is 
expected that the effect sizes of the differences with respect to the non-carriers of the allele are 
larger for the MDD subjects. Furthermore, sources of heterogeneity across studies were 
explored aiming to shed light on possible factors that could be harmonized in future 
collaborative efforts to improve the overall reproducibility of this field.  
2. Methods 
2.1. Search strategy and eligibility criteria 
This systematic review and meta-analysis complied with the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al., 2010), and 
followed an a priori defined protocol (available upon request to the authors). The EMBASE, 
PubMed/MEDLINE and PsycINFO electronic databases were searched from inception up to 
June 30th, 2017 (detailed search strings are provided in the Supplementary Material, available 
online). The search strategy was augmented through hand searching the reference lists of 
eligible articles. Two investigators (LPP and BPF) independently screened the tiles/abstracts of 
retrieved references, assessed full-text for eligibility, extracted data and rated the 
methodological quality of eligible studies. Disagreement were resolved either through 
consensus or consultation with a third investigator (CAK or AFC). The following inclusion 
criteria were applied: (1) human studies that enrolled participants of any age meeting diagnostic 
criteria for depression (for example, DSM or ICD) regardless of the inclusion of a healthy 
control group or design (e.g. cross-sectional, case-control or prospective studies were eligible); 
(2) provided an association of genetic variants and structural or functional MRI measures; and 
(3) studies that provided either ROI analysis (e.g., mean values of volumes or functional 
activation, standard deviations and/or statistical difference [p] or [t] between groups) or whole 
brain results of changes in a stereotactic space in three dimensional coordinates (x, y, z), using 
significance thresholds either corrected for voxel based multiple comparisons or uncorrected 
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with spatial extent thresholds.  The following exclusion criteria were considered: (1) extractable 
data were not available; (2) a larger study reporting on the same association and with an 
overlap of samples was available; (3) investigations that used imaging methods other than 
structural or functional MRI; (4) studies that enrolled samples with mixed diagnoses unless 
data for MDD was reported separately; (5) studies that reported solely associations with 
treatment response or other clinical measures; (6) preclinical or post-mortem studies, case 
series, literature reviews, conference papers, meeting abstracts or meta-analyses. We included 
studies regardless of the specific ROI (i.e., brain area) investigated, and there was also no 
restriction relative to the inclusion of studies that assessed specific gene variants.  The overall 
agreement between the two investigators was adequate (84.9%). 
2.2. Data Extraction 
Corresponding authors were contacted in at least two occasions when extractable data were not 
provided in the original report. The following variables were considered for extraction: first 
author, year of publication, sample size, age of participants, % of females, diagnostic criteria 
for MDD, number of previous major depressive episodes, depression severity scores, use of 
psychotropic medications (percentage of the sample that used antidepressants and/or 
antipsychotics), name of the gene(s) and allele groups assessed, MRI scanner field strength (1.5 
T vs. 3.0 T), and details of imaging methods and procedures. For ROI analyses, mean volume 
or activation within the ROI and the standard deviation (SD) or t and P values with the 
direction of the change were extracted, as well as ROI tracing methods (i.e., manual vs. 
automatic). For voxel-wise studies (voxel-based morphometry [VBM] or whole-brain 
functional MRI analysis [fMRI]), coordinates were extracted according to the ES-SDM method 
(Radua et al., 2012). Data from control groups were also extracted whenever a study included a 
comparison group. The agreement between the two investigators was 91.2%. 
2.3. Methodological quality appraisal 
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A previously published 11- item tool (Karg et al., 2011) was used to rate the methodological 
quality of included studies. The items and quality ratings are provided in Table S8 (available 
online). This tool is based on criteria of the Strengthening the Reporting of Genetic Association 
Studies (STREGA) (Little et al., 2009) and the Strengthening Reporting of Observational 
Studies in Epidemiology (STROBE) (von Elm et al., 2008). It was previously used in a meta-
analysis of imaging genetics studies (Molendijk et al., 2012a). An overall quality score was 
computed as the percentage of criteria met by each study. Agreement among the independent 
raters was adequate (82.3 %). 
2.4. Statistical analysis  
2.4.1. Meta-analyses of studies that provided ROI data 
A standardized mean difference [Hedges’s g; Hedges (1981)] was estimated for each ROI 
measure (volume or activation) (Lau et al., 1997).  positive value of this metric indicated 
decreased ROI volumes or functional activity in carriers in comparison to non-carriers of the 
genetic risk variant, in either participants with MDD or healthy controls (HCs).  
Effect size (ES) estimates were pooled using a random-effects model (DerSimonian and 
Laird, 1986) when at least three individual studies investigated the association. For meta-
analyses of total volume or activation, we first estimated study- level ESs for the studies that 
provided separate measures for the left and right sides. The unilateral ESs were combined to 
obtain a single ES for the study. These were then pooled together with studies that provided 
only bilateral measures to obtain the final meta-analytic estimate. Heterogeneity across studies 
was quantified with the I2 statistic and assessed using the Cochran’s Q test (Borenstein et al., 
2009; Patsopoulos et al., 2009). 
Publication bias was assessed by inspection of funnel plot asymmetry and through the 
Egger’s test (Egger et al., 1997). Small-study effects (indicative of publication bias) were 
defined by a P-value < 0.1 in the Egger’s test combined with the ES of the largest study more 
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conservative or in the opposite direction in comparison to the overall ES estimate (Carvalho et 
al., 2016a; Carvalho et al., 2016b). The trim-and-fill procedure was used to adjust the ES for 
publication bias when small-study effects were verified (Duval and Tweedie, 2000), while the 
fail-safe N (i.e., the file drawer statistic) was used to determine how many additional studies 
would be necessary to turn a significant ES non-significant (Rosenthal, 2017). 
 We explored potential sources of heterogeneity using either subgroup or random-effects 
meta-regression analyses (Trikalinos et al., 2010). Meta-regression analyses considered the 
following potential moderators: sample size, mean age, % of females, methodological quality 
scores, year of publication, mean depressive symptom scores, mean illness duration in years, 
and % of participants using psychotropic medications. All analyses were conducted in Stata MP 
software version 14.0 (Stata Corp, College Station, TX, USA) using the metan package. We 
estimated the power of each summary ES estimate across a hypothetical range of ‘true’ ESs 
with a method developed by Hedges and Pigott (2001). Statistical significance was considered 
at an alpha level of 0.05. 
2.4.2. Meta-analyses of studies that provided whole-brain data 
The effect-size version of signed differential mapping (ES-SDM) was used to perform separate 
voxel-based meta-analyses of regional gray matter volume, diffusion-tensor imaging fractional 
anisotropy measures or functional brain response abnormalities. ES-SDM is a relatively novel 
method that incorporates aspects of the activation likelihood estimate (ALE) and multilevel 
kernel density analysis (MKDA) approaches (Radua and Mataix-Cols, 2009, 2012; Radua et 
al., 2012). For each study, peak coordinates were used to recreate a map of the ES of the 
differences between carriers vs. non-carriers of genetic risk variants, and then a standard 
random-effects variance-weighted meta-analysis was performed for each voxel. Default ES-
SDM kernel size and thresholds were used (FWHM = 20 mm, voxel P = 0.005, peak height Z = 
1, cluster extent = 10 voxels) (Radua et al., 2012). Meta-analyses were conducted when whole-
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brain measures were available for at least two individual datasets for each method. The CARET 
v5.65 Software was used to visualize SDM results (http://brainmap.wustl.edu/caret.html). 
3. Results 
3.1. Study selection  
The literature search retrieved 2409 records, while an additional reference was found after 
reviewing the reference lists of included articles. After removal of duplicates, 1499 unique 
references were screened. One thousand, three hundred and eighty-eight references were 
excluded after title/abstract screening. Of the 111 full- texts assessed, 46 were excluded with 
reasons (see Table S1, supplementary online material). Therefore, 65 imaging genetics studies 
that assessed 31 candidate genes met inclusion criteria for the qualitative systematic review 
(Figure 1), which provided data from 7327 participants (4034 participants with MDD and 3293 
HCs). Finally, 22 studies provided data for quantitative meta-analyses (N=1498; 882 
participants with MDD and 616 HCs). See supplementary online results for details of included 
references. 
[Please insert Figure 1 here] 
3.2. Characteristics and methodological quality assessment of included studies  
Thirty-one of the 65 studies investigated non-replicated associations of candidate gene 
polymorphisms and imaging findings (Table S2, available online). The remaining 34 studies 
(22 included in the meta-analyses) reported replicated associations for the 5-HTTLPR (k=16), 
BDNF Val66Met (k=13) and the COMT Val158Met (k=5) polymorphisms (see Tables S3 to 
S7, available online). 
 Forty-six studies (70.1%) included a HC comparison group, while the remaining 
enrolled only participants with MDD. Overall, 1664 participants with MDD (range = 1 to 144) 
carried genetic variants of risk (RCs), while 1460 (range = 5 to 169) were non-risk carries 
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(NRCs). For HCs, 921 (range = 2 to 123) were RCs, whilst 1668 (range = 4 to 508) were 
NRCs. 
 Across included studies, most participants were females (65.1% in MDD and 57.5% in 
HC groups, respectively), and the mean age was 45.7 (SD = 11.8) in subjects with MDD and 
43.2 (SD = 13.4) among HCs. Medication status was reported in 44 studies (67.7%), of which 
12 (27.3%) reported that at least 50% of participants with MDD were currently taking more 
than one psychotropic medication. Eleven studies (16.9%) reported that MDD samples were 
drug-free at the time of MRI scan. There was substantial between-study variability in the 
methodological quality, but it was overall good (median = 89%, range 63–100; Table S8, 
available online). 
 Twenty-four studies (36.9%) assessed brain volume using ROIs, of which 15 (62.5%) 
used manual techniques to segment the tissue volume. The remaining used either semi-
automated or automated segmentation methods (4.2% and 33.3%, respectively). Across these 
studies, the hippocampus was the most extensively investigated brain structure (79.2%), 
followed by the amygdala (12.5%), and the caudate (8.3%). The putamen, orbitofrontal cortex 
(OFC), dorsolateral prefrontal cortex and striatum were reported only by single studies. Finally, 
seven studies (10.7%) used voxel-based-morphometry to assess volume. 
 Twenty-four studies (36.9%) used functional blood-oxygen level dependent (BOLD) 
fMRI during tasks. Of these studies, 15 (62.5%) used a ROI for analysis (amygdala [k=10], 
caudate [k=2], insula [k=1], prefrontal regions [k=3], anterior cingulate cortex [k=3] and 
parahippocampal region [k=1]), whereas 9 (37.5%) used whole-brain analysis. The sad faces 
paradigm (k=6), negative pictures (International Affective Picture System - IAPS) (k=3), 
fearful faces (k=1), emotional processing (k=1), emotional memory (k=1), episodic memory 
(k=1) and emotional word processing (k=2) were the most frequently used tasks across 
functional studies. Three studies provided whole-brain resting state fMRI data. 
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 Finally, 9 studies (13.8%) used diffusion-tensor imaging (DTI) to assess brain 
connectivity. Most of these studies performed whole-brain tractography (volume-based [k=2] 
and tract-based spatial statistics analyses [k=5]), while 4 studies reported diffusion metrics for 
ROIs. 
 The MRI scanner field strength ranged from 1.5T to 3.0T, with the majority using 3.0T 
(56.9%) scanners. Six studies did not inform the MRI field strength. 
3.3. Meta-analyses of studies that provided ROI data 
Of the 22 studies included in the meta-analyses, 16 (72.7%) reported ROI metrics 
(hippocampal volume [k=13] and amygdala function [k=3]). Three studies reported data on 
both 5-HTTLPR and BDNF Val66Met polymorphisms (Cole et al, 2011; Jaworska et al, 2016; 
Phillips et al, 2015). Furthermore, 3 studies (Benjamin et al, 2010; Opmeer et al, 2013; Wang et 
al, 2012) did not provide sufficient information to estimate effect sizes because data for both 
RCs and NRCs groups were presented for the combined MDD and HC groups (Table S5, 
online supplement).  
[Please insert Table 1 here] 
3.3.1. 5-HTTLPR polymorphism 
Hippocampal volume differences associated with the 5-HTTLPR polymorphism were 
investigated in 8 studies. Among participants with MDD, 211 were carriers of the 5-HTTLPR 
short ‘S’ risk allele (RCs), and 99 were carriers of the long ‘L’ non-risk allele (NRCs). Five of 
the eight studies also provided data for HCs (160 RCs and 70 NRCs). Hippocampal volumes of 
the participants with MDD or HCs who were carriers of the short ‘S’ risk allele were not 
different than carriers of the long ‘L’ allele (MDD, g = 0.193; P = 0.157; HC, g = 0.200; P = 
0.163; Table 1 and Fig. 2a; Figure S1, available online). No evidence of small-study effects 
was observed in the meta-analysis of MDD participants, while there was evidence of this type 
of bias in the meta-analyses of the HC comparison group for the total or right hippocampal 
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volumes (Table 1). This effect sizes did not survive correction for publication bias (Total: g = 
0.127, 95%CI = -0.133‒0.387; right: g = 0.080, 95%CI = -0.180‒0.340). No statistically 
significant differences emerged for the right or left hippocampal volumes for either MDD or 
HC subjects (Table 1; Figures S2‒S5, available online). 
 Heterogeneity was low in the meta-analyses of hippocampal volumes in MDD subjects 
(I2 = 15.5%‒30.0%) and inexistent for HCs (Table 1). Meta-regression showed that differences 
in gender distribution (% females) in the MDD group emerged as a significant moderator, as a 
higher % of females was associated with a reduced difference in total hippocampal volume 
between carriers of the 5-HTTLPR short ‘S’ allele and non-carriers (Table S9). Subgroup 
analyses further showed that heterogeneity was higher in studies that employed manual tracing 
compared to those that used semi-automated or automated segmentation methods (I2 = 37.1%). 
In studies that enrolled a younger or predominantly female MDD sample, total hippocampal 
volume in carriers of the 5-HTTLPR ‘S’ allele was reduced when compared to non-carriers (% 
of females in sample >= 70%, g = 0.635, P = 0.006; age < 40 years old, g = 0.635, P = 0.016; 
Table S11). Finally, for MDD subjects that were drug-free during assessment, carriers of the 
‘S’ allele had reduced right hippocampal volume in comparison to carriers of the ‘L’ allele (g = 
0.520, P = 0.045; Table S11, available online).  
 Total amygdala activation was investigated in 3 studies (Table 1). In these studies, the 
neurofunctional responses to sad faces relative to neutral faces was considered as activation. 
There was no difference in amygdala activation between carriers of the 5-HTTLPR ‘S’ allele 
(RCs) and carriers of the 5-HTTLPR ‘L’ allele (NRCs) in both MDD (g = -0.896; P = 0.145) 
and HC subjects (g = -0.364; P = 0.613; Table 1; Figures S6 and S7, available online). 
Heterogeneity was very large (I2 = 84.8% for MDD and 86.5% for HC). 
[Please insert Figure 2 here] 
3.3.2. BDNF Val66Met polymorphism 
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Eight studies investigated hippocampal volume differences between carriers of the BDNF 
Val66Met ‘Met’ risk allele (RCs) and carriers of the BDNF Val66Met non-risk allele (‘Val’; 
NRCs). The BDNF Val66Met ‘Met’ allele was not significantly associated with alterations in 
total hippocampal volume in MDD subjects (g = 0.029; P = 0.832) or HCs (g = 0.221, P = 
0.662 Table 1 and Fig. 2b). Moreover, right or left hippocampal volumes in both MDD and HC 
groups were also similar in carriers of the ‘Met’ allele in comparison to non-carriers (MDD 
group: right g = 0.034, P = 0.837; left g = 0.027; P = 0.825; HC group: right g = 0.264, P = 
0.331; left g = 0.177, P = 0.291; Table 1 and Figs. S9‒S12, available online). No evidence of 
small-study effects was observed and between-study heterogeneity was large (Table 1), 
especially for studies that measured the right hippocampus (MDD subjects: I2 right = 54.6%; I2 
left = 17.2%; HCs: I2 right: 82.6%, I2 left: 55.6%).  
 The methodological quality of included studies emerged as a significant moderator in 
meta-regression analysis of studies that measured the right hippocampus in the MDD group 
(Table S9), while publication year was a significant moderator in studies that measured the left 
hippocampus in the HC group (Table S10). The ES estimate was higher (i.e. indicating smaller 
hippocampal volumes as a function of the ‘Met’ allele carrier status) in studies with better 
methodological quality and lower with increasing publication year, respectively. In addition, 
subgroup analyses suggested that heterogeneity was absent in studies in MDD subjects that 
included total brain volume as a covariate (Table S11). 
3.4. Meta-analyses of studies that provided whole-brain data 
From the 22 studies included in the meta-analyses, 6 reported whole-brain data and were 
included in the SDM meta-analyses. Two studies used VBM to assess grey matter volume, 2 
used DTI to assess brain white-matter differences, and the remaining two used fMRI to 
investigate brain activation. These studies investigated the 5-HTTLPR or the BDNF Val66Met 
polymorphism in MDD subjects. 
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3.4.1. 5-HTTLPR polymorphism 
The role of the 5-HTTLPR polymorphism in MDD was investigated with whole-brain MRI 
techniques in 5 studies (k=2 DTI; k=2 fMRI; k=1 VBM; Tables S6 and S7, available online). 
None of the two voxel-wise functional studies reported statistically significant results (Table 
S6). The VBM study found a statistically significant reduction in total hippocampal volumes 
(Frodl et al, 2008). Nevertheless, a small volume correction was applied to this ROI, which 
prevented its inclusion in a multimodal cortical meta-analysis. Therefore, a SDM meta-analysis 
was performed including the 2 DTI studies. Various brain regions with statistically significant 
decreases in white-matter FA in MDD participants carrying the 5-HTTLPR short ‘S’ allele 
compared to non-carriers were verified, with a predominance of voxels centered in the corpus 
callosum (Fig. 3; Table S14, available online).  
[Please insert Figure 3 here] 
3.4.2.BDNF Val66Met polymorphism 
Four studies met criteria for SDM meta-analysis (k=2 fMRI, k=2 VBM; Table S6, available 
online) and were pooled using a multimodal cortical analysis. Participants with MDD carrying 
the BDNF Val66Met ‘Met’ risk allele presented conjoint abnormalities with an increase in gray 
matter volumes accompanied by an hyperactivation or failure of deactivation in the right 
middle frontal gyrus (orbitofrontal region; Fig. 4; Table S15, available online). One fMRI study 
used an activation task [emotional appraisal of scenes from the IAPS; Lisiecka et al. (2015)], 
whereas the other included fMRI study used a resting-state approach (Yin et al., 2015).  
[Please insert Figure 4 here] 
4. Discussion 
To our knowledge, this systematic review and meta-analysis provides the most extensive 
synthesis to date of studies that investigated the association of putative risk genetic variants 
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with structural and functional neuroimaging findings in individuals with MDD. All included 
studies followed a candidate gene approach, while no studies that followed a discovery-based 
approach (Carter et al., 2017) and that provided extractable data for MDD participants were 
identified. Although 65 studies were identified, only a few replications could be meta-analyzed. 
These studies investigated associations related to the 5-HTTLPR and BDNF Val66Met risk 
polymorphisms. Moreover, our analyses identified possible sources of heterogeneity across 
studies, which might provide insights for the design of future studies that could enhance the 
overall reproducibility in the field of imaging genetics in MDD. 
 We found no evidence for an association of either the 5-HTTLPR short ‘S’ allele or the 
BDNF Val66Met ‘Met’ risk polymorphisms and hippocampal volumes in either participants 
with MDD or HCs in studies that provided ROI data (see Table 1 and Fig. 2). Also, this finding 
was confirmed in an exploratory multimodal whole-brain meta-analysis of studies assessing the 
impact of the BDNF Val66Met ‘Met’ allele on brain structure and function (see Fig. 4) while 
no replicated evidence for whole-brain structural MRI abnormalities associated with the 5-
HTTLPR risk polymorphism was available. A functional variation in the promoter serotonin 
transporter gene (also referred to as SLC6A4), and in particular the low-expressing short (‘S’) 
allele has been implicated in the development of depression following stress exposure (Caspi et 
al., 2010; Caspi et al., 2003). Nevertheless, a recent collaborative individual-participant meta-
analysis provided no evidence for such a gene-environment interaction of the 5-HTTLPR 
polymorphism and depression (Culverhouse et al., 2017). Our finding suggests that, if this 
polymorphism confers a risk for MDD, then its effect could be mediated by a mechanism other 
than an influence on hippocampal volumes. However, it is worthy to note that meta-regression 
and subgroup analysis identified several possible sources of heterogeneity that could have 
influenced these ES estimates. For example, characteristics of samples across studies (i.e., 
gender) and medication status appeared to moderate these results (see Tables S9 to S12). 
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Furthermore, heterogeneity was lower in studies that used automated segmentation methods 
instead of manual or semi-automated ones (see Tables S11 and S12). This finding is consistent 
with a previous report that verified that even among skillful raters the measurement of 
hippocampi through manual segmentation methods could be prone to bias (Maltbie et al., 
2012).    
 Several lines of evidence point to a role for BDNF in the pathophysiology of 
depression. BDNF is the pivotal mediator of the neurotrophin hypothesis of depression, which 
postulates that MDD is secondary to abnormalities in brain plasticity within brain regions that 
regulate emotion and memory, including the hippocampus (Duman et al., 1997). Furthermore, 
preclinical evidence suggests that the therapeutic effects of antidepressants result from the up-
regulation of hippocampal BDNF expression (Duman and Monteggia, 2006). Moreover, 
clinical studies indicate that peripheral levels of BDNF are lower in participants with MDD 
compared to HCs, and may be influenced by antidepressant treatment (Molendijk et al., 2014). 
The BDNF Val66Met SNP, which represents the substitution of a valine (Val) by a methionine 
(Met) at codon 66, modifies the sorting of the BDNF protein and its availability in the synaptic 
cleft. Interestingly Met/Met transgenic mice exhibit a decrease in activity-dependent secretion 
of BDNF, smaller hippocampal volumes and lower dendritic complexity of hippocampal 
neurons (Chen et al., 2006; Chen et al., 2004). Our findings are consistent with a previous 
meta-analysis that also found no evidence of an association of the Val66Met SNP and 
hippocampal volumes across neuropsychiatric disorders (Harrisberger et al., 2015). 
Furthermore, MDD is frequently accompanied by cognitive dysfunction encompassing several 
domains (including declarative memory) that may persist even during symptom remission 
(Bortolato et al., 2014; Bortolato et al., 2016). Our data also concur with two previous reports 
that found no significant association of the BDNF Val66Met SNP and emotionally neutral 
declarative memory retrieval in individuals with MDD (Benjamin et al., 2010; Molendijk et al., 
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2012b). Nevertheless, it should be pointed out that there was substantial variability in the 
methodological quality of included studies, which emerged as a possible source of 
heterogeneity across studies in meta-regression analyses (see Table S9). 
 The meta-analysis of whole-brain DTI studies showed that the 5-HTTLPR 
polymorphism was associated with widespread microstructural WM abnormalities. There was 
evidence of decreased FA values, with a predominance in voxels centered in the corpus 
callosum (CC; see Figure 3). This finding is in accordance with recent meta-analyses of DTI 
studies. Wise et al. (2016a) showed that MDD is associated with a significant decrease in FA 
values in the genu of the CC. A separate meta-analysis, conducted in first-episode, medication-
naïve participants with MDD, also showed decreased FA in the CC as well as other regions 
(Chen et al., 2017). Furthermore, lower FA values in the CC was previously reported in 
adolescents at high family risk for depression compared to controls without a family history of 
mental disorders (Huang et al., 2011). The corpus callosum is the largest myelinated WM tract 
in the human brain. It interconnects the cerebral hemispheres to integrate motor, perceptual, 
and high- level ‘hot’ and ‘cold’ (e.g., executive function) cognitive functions. There is evidence 
that subsets of individuals with MDD have impairment in these cognitive functions (Bortolato 
et al., 2014; Hofer and Frahm, 2006; Miskowiak and Carvalho, 2014), and we can speculate 
that the impaired connectivity of the CC may play a role in MDD pathophysiology. Indeed, 
postmortem and preclinical studies suggest that aberrations in myelination may be involved in 
the etiology of depression (Tham et al., 2011), while effects of standard antidepressants may at 
least partly involve pathways governing myelination (Bartzokis, 2012). The current findings 
suggest that the 5-HTTLPR polymorphism may underpin these connectivity abnormalities in 
MDD subjects. However, as only two independent studies were included in our meta-analysis, 
further well-designed studies are warranted to confirm these preliminary findings. 
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 Previous evidence suggests that the 5-HTTLPR polymorphism could confer a lower 
resilience to stress via the modulation of amygdala activation to emotional faces [see Caspi et 
al. (2010) for a review]. Our meta-analysis provided no evidence of abnormal amygdala 
reactivity to sad faces compared to neutral faces in participants with MDD who carried the 5-
HTTLPR ‘S’ polymorphism compared to carriers of the 5-HTTLPR ‘L’ polymorphism (see 
Table 1). However, this finding must be interpreted with caution, as the heterogeneity was 
large, and only three independent datasets were available. Notwithstanding evidence from 
postmortem brain studies as well as PET/SPECT studies suggest the expression of the serotonin 
transporter (5-HTT) is lower in the amygdala of MDD subjects compared to controls, the 
findings have not been consistent across studies, and heterogeneity is large (Gryglewski et al., 
2014; Spies et al., 2015). Therefore, evidence from diverse approaches (ranging from 
postmortem to imaging genetics studies) are still necessary to clarify the effects of the 5-
HTTLPR polymorphism and the 5-HTT in the amygdala in the pathophysiology of depression. 
 Multi-modal SDM meta-analysis of 2 VBM studies and 2 fMRI studies observed that, 
relative to carriers of the non-risk ‘Val’ allele, MDD participants carrying the BDNF Val66Met 
‘Met’ allele were characterized by conjoint increased activation or failure to deactivate as well 
as increased GM volumes in a cluster encompassing the right MFG (BA 44; see Fig. 4). A 
recent multi-modal meta-analysis of VBM studies found a significant reduction in the right 
MFG in individuals with MDD relative to HCs (Wise et al., 2016b). This finding has also been 
replicated in a meta-analysis that included only studies involving first-episode MDD 
participants (Zhang et al., 2016). However, our counterintuitive finding should be regarded as 
exploratory as only two VBM studies were included, and thus we could not verify the 
robustness of our findings (for example, through jack-knife sensitivity analysis in which one 
study is removed per iteration). Furthermore, one of the VBM studies, which reported higher 
right MFG volumes, enrolled only participants with melancholic depression (Cardoner et al., 
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2013). Therefore, this finding may not be extrapolated to the broad depression phenotype. 
However, it is noteworthy that hyperactivation or failure to deactivate the right MFG has been 
implicated in the neurobiology of depression. For example, a recent study provided evidence 
that this functional abnormality could be related to autobiographical problem-solved deficits 
associated with rumination in depression (Jones et al., 2017). Along similar lines, the right 
MFG is part of the default mode network (DMN), and failure to deactivate the DMN has been 
implicated in cognitive control deficits in depression (Jacobs et al., 2014; Pizzagalli, 2011; 
Rodriguez-Cano et al., 2017). But as only two fMRI studies were included, which employed 
either resting-state conditions or used an emotional cognitive task, these findings are also 
limited and should be taken as preliminary.  
4.1. Strengths and limitations 
The main strength of our work is the inclusion of a large body of data, and the use of state-of-
the-art statistical methods. These provide a quantitative appraisal of the available evidence and 
also allow the identification of potential sources of heterogeneity across studies.  
 However, some limitations deserve mention. First, few replicated findings were identified. 
Second, our power analysis suggests that most meta-analytic estimates reported herein are 
underpowered. Therefore, findings should be interpreted with caution, with the exception of the 
ES estimates on the association of the 5-HTTLPR ‘S’ allele with total hippocampus volume in 
participants with MDD or HCs, and the association of the BDNF Val66Met ‘Met’ allele with 
left hippocampal volume in participants with MDD, which were adequately powered (see Table 
S13).  
 This review also identified potential sources of heterogeneity across studies that could 
have influenced the findings. However, depression is a multifaceted and heterogeneous 
phenotype, and thus the observed heterogeneity could reflect ‘true’ heterogeneity. Moreover, 
other possible sources of heterogeneity could not be explored due to lack of available data. An 
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example is the frequent association of MDD with obesity and metabolic abnormalities (de Melo 
et al., 2017; Liu et al., 2014). It has been proposed that these co-occurring conditions could 
impact neuroimaging findings in depression (Cha et al., 2014; Gupta et al., 2015).  
 The literature on either structural or functional neuroimaging data is limited by an excess 
of reporting biases (Fusar-Poli et al., 2014; Ioannidis, 2011). Indeed, a recent large-scale 
whole-brain meta-analysis of functional neuroimaging studies suggested a lack of consistency 
and reproducibility across studies conducted in MDD samples (Muller et al., 2017). Our 
findings could be affected by those biases as well. Additionally, the studies included in our 
review used a candidate gene approach. As the potential methodological strengths of 
exploratory genome-wide approaches are being increasingly recognized (Carter et al., 2017), an 
unbiased assessment is less likely with the methodology employed in the studies identified by 
our review. Furthermore, although a validated tool for the appraisal of the methodological 
quality of gene- imaging studies is currently unavailable, we found substantial between-study 
variation in the methodological quality of included studies (see Table S8), which was also a 
source of heterogeneity (see Table S9). Therefore, these variations in study methodology limit 
the interpretation of the findings. 
 Finally, it is worthy to note very few studies have separated carriers of two risk alleles 
(i.e., homozygotes) from participants carrying a single allele of risk. Therefore, a putative dose-
response effect of risk alleles cannot be clearly established.   
4.2. Research implications 
We observed that both sample characteristics across studies (e.g., gender or medications) as 
well as methodological aspects, moderated some of the ES estimates reported here (see Tables 
S9‒S11). Therefore, future studies should control the potential clinical and sociodemographic 
variables more precisely. It is important to mention that genetic ancestry was not considered in 
the studies included in this review, and the ethnic composition of the sample was frequently 
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missing, which did not allow specific subgroup analyses (see Table S8 which presents the 
methodological assessment). Futures studies should consider also genotyping ancestry-related 
SNPs together with the investigated genes to avoid spurious associations with the psychiatric or 
imaging phenotype. 
 Furthermore, an improvement in the transparency of protocols (e.g., through a priori 
publication of study procedures), as well as a better harmonization of neuroimaging procedures 
across centers are warranted. Large imaging genetics collaborative consortia, like ENIGMA, 
point that the inclusion of large samples with proper methodological harmonization across 
studies may improve the reproducibility of the field (Stein et al., 2012).  
 In this systematic review, very few candidate genes had been previously shown to have 
genome-wide significance for MDD (e.g., SLC6A15) (Choi et al., 2016; Hyde et al., 2016). 
Furthermore, the field still lacks replicated evidence for genes that are relevant to other 
pathways that may also be involved in MDD. For example, few imaging genetics studies have 
addressed the relevance of cytokine/chemokine (Kohler et al., 2017) as well as renin-
angiotensin (Vian et al., 2017) genes. Therefore, the recent identification of genome-wide 
significant risk variants associated with MDD open perspectives for imaging genetics studies. 
The testing of genetic variants supported by GWAS studies or by convergent sources of 
experimental and clinical evidence could enhance the robustness of findings in this field (Carter 
et al., 2017). Another innovative research avenue in imaging genetics studies is the assessment 
of polygenic risk scores on brain structure and function, although there are also concerns of the 
lack of genotype-phenotypic cross-trait convergence (Bogdan et al., 2017). Lastly, future 
efforts with a systematic collection of participant-level data may be able to formally test for 
interaction effects (for example, between group and genotypes) to provide incremental 
evidence to the stratified analysis herein conducted.  
4.3. Conclusion 
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This systematic review and meta-analysis indicates that imaging genetics studies in MDD have 
expanded at a rapid pace. However, few replicated findings involving the 5-HTTLPR and 
BDNF Val66Met polymorphism could be meta-analyzed. The 5-HTTLPR ‘S’ allele was 
associated with WM microstructural abnormalities mainly in the corpus callosum, while the 
BDNF Val66Met ‘Met’ allele was associated with a higher GM volume as well as 
hyperactivation or failure to deactivate the right MFG. Although promising, these findings 
require replication in well-designed studies with adequate statistical power. An improvement in 
transparency, as well as methodological refinements in imaging genetics studies, may provide 
more robust and replicable findings within the context of precision psychiatry (Vian et al., 
2017). Furthermore, the adoption of trans-diagnostic approaches [such as the US NIMH RDoC 
framework; Cuthbert and Insel (2013)] could provide novel biologically validated constructs to 
be tested in imaging genetics studies, and also increase the statistical power of studies, which 
this meta-analysis found to be low. 
 
Role of funding source 
This study received no funding. 
 
Contributors 
LPP, CAK, and AFC designed the protocol and searched the literature. LPP and BPF screened 
the studies and extracted the data. LPP, CAK, and AFC analyzed the data. LPP, CAK, and AFC 
wrote the first draft of the manuscript. BS, KWM, GM, BPF, TT, BSF, ARB, MM, and DAP 
contributed to the interpretation and discussion of the findings, and to the writing of the 
manuscript. All authors have read and approved the final version of this manuscript for 
submission. 
 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Conflict of interest 
KWM has acted as a consultant for and received honoraria from Lundbeck and Allergan in the 
past 3 years. Over the past 3 years, DAP has received consulting fees from Akili Interactive 
Labs, BlackThorn Therapeutics, Boehringer Ingelheim, Pfizer and Posit Science, for activities 
unrelated to the current research. No other authors report any conflicts of interest. LPP, CAK, 
BS, GM, BPP, TT, BSF, ARB, MM, and AFC have no conflicts of interest to disclose. 
 
Acknowledgements 
CAK is supported by a postdoctoral fellowship from Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior (CAPES, Brazil). The Lundbeckfonden and the Weimann 
Foundation provide support for half of KWM’s salary as a senior research psychologist at 
Copenhagen Affective Disorders Research Centre and University of Copenhagen, Denmark, 
which enables her to do fulltime research until 2020. AFC is the recipient of a research 
fellowship award from the Conselho de Desenvolvimento Científico e Tecnológico (CNPq; 
Brazil). DAP was partially supported by grant R37MH068376 from the National Institute of 
Mental Health. 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
References 
Ahdidan, J., Foldager, L., Rosenberg, R., Rodell, A., Videbech, P., Mors, O., 2013. 
Hippocampal volume and serotonin transporter polymorphism in major depressive 
disorder. Acta neuropsychiatrica 25, 206-214. 
Alexopoulos, G.S., Murphy, C.F., Gunning-Dixon, F.M., Glatt, C.E., Latoussakis, V., Kelly, R.E., 
Jr., Kanellopoulos, D., Klimstra, S., Lim, K.O., Young, R.C., Hoptman, M.J., 2009. Serotonin 
transporter polymorphisms, microstructural white matter abnormalities and remission of 
geriatric depression. Journal of affective disorders 119, 132-141. 
Bartzokis, G., 2012. Neuroglialpharmacology: myelination as a shared mechanism of 
action of psychotropic treatments. Neuropharmacology 62, 2137-2153. 
Benjamin, S., McQuoid, D.R., Potter, G.G., Payne, M.E., MacFall, J.R., Steffens, D.C., Taylor, 
W.D., 2010. The brain-derived neurotrophic factor Val66Met polymorphism, hippocampal 
volume, and cognitive function in geriatric depression. The American journal of geriatric 
psychiatry : official journal of the American Association for Geriatric Psychiatry 18, 323 -
331. 
Bogdan, R., Salmeron, B.J., Carey, C.E., Agrawal, A., Calhoun, V.D., Garavan, H., Hariri, A.R., 
Heinz, A., Hill, M.N., Holmes, A., Kalin, N.H., Goldman, D., 2017. Imaging Genetics and 
Genomics in Psychiatry: A Critical Review of Progress and Potential. Biological psychiatry 
82, 165-175. 
Borenstein, M., Hedges, L.V., Higgins, J.P.T., 2009. Introduction to Meta-Analysis. 
Bortolato, B., Carvalho, A.F., McIntyre, R.S., 2014. Cognitive dysfunction in major 
depressive disorder: a state-of-the-art clinical review. CNS & neurological disorders drug 
targets 13, 1804-1818. 
Bortolato, B., Miskowiak, K.W., Kohler, C.A., Maes, M., Fernandes, B.S., Berk, M., Carvalho, 
A.F., 2016. Cognitive remission: a novel objective for the treatment of major depression? 
BMC medicine 14, 9. 
Bromet, E., Andrade, L.H., Hwang, I., Sampson, N.A., Alonso, J., de Girolamo, G., de Graaf, R., 
Demyttenaere, K., Hu, C., Iwata, N., Karam, A.N., Kaur, J., Kostyuchenko, S., Lepine, J.P., 
Levinson, D., Matschinger, H., Mora, M.E., Browne, M.O., Posada-Villa, J., Viana, M.C., 
Williams, D.R., Kessler, R.C., 2011. Cross-national epidemiology of DSM-IV major 
depressive episode. BMC medicine 9, 90. 
Cardoner, N., Soria, V., Gratacos, M., Hernandez-Ribas, R., Pujol, J., Lopez-Sola, M., Deus, J., 
Urretavizcaya, M., Estivill, X., Menchon, J.M., Soriano-Mas, C., 2013. Val66Met BDNF 
genotypes in melancholic depression: effects on brain structure and treatment outcome. 
Depression and anxiety 30, 225-233. 
Carter, C.S., Bearden, C.E., Bullmore, E.T., Geschwind, D.H., Glahn, D.C., Gur, R.E., Meyer-
Lindenberg, A., Weinberger, D.R., 2017. Enhancing the Informativeness and Replicability 
of Imaging Genomics Studies. Biological psychiatry 82, 157-164. 
Carvalho, A.F., Kohler, C.A., Brunoni, A.R., Miskowiak, K.W., Herrmann, N., Lanctot, K.L., 
Hyphantis, T.N., Quevedo, J., Fernandes, B.S., Berk, M., 2016a. Bias in Peripheral 
Depression Biomarkers. Psychotherapy and psychosomatics 85, 81-90. 
Carvalho, A.F., Kohler, C.A., Fernandes, B.S., Quevedo, J., Miskowiak, K.W., Brunoni, A.R., 
Machado-Vieira, R., Maes, M., Vieta, E., Berk, M., 2016b. Bias in emerging biomarkers for 
bipolar disorder. Psychological medicine 46, 2287-2297. 
Caspi, A., Hariri, A.R., Holmes, A., Uher, R., Moffitt, T.E., 2010. Genetic sensitivity to the 
environment: the case of the serotonin transporter gene and its implications for studying 
complex diseases and traits. The American journal of psychiatry 167, 509-527. 
Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, I.W., Harrington, H., McClay, J., Mill, J., 
Martin, J., Braithwaite, A., Poulton, R., 2003. Influence of life stress on depression: 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
moderation by a polymorphism in the 5-HTT gene. Science (New York, N.Y.) 301, 386-
389. 
Chen, G., Guo, Y., Zhu, H., Kuang, W., Bi, F., Ai, H., Gu, Z., Huang, X., Lui, S., Gong, Q., 2017. 
Intrinsic disruption of white matter microarchitecture in first-episode, drug-naive major 
depressive disorder: A voxel-based meta-analysis of diffusion tensor imaging. Progress in 
neuro-psychopharmacology & biological psychiatry 76, 179-187. 
Chen, Z.Y., Jing, D., Bath, K.G., Ieraci, A., Khan, T., Siao, C.J., Herrera, D.G., Toth, M., Yang, C., 
McEwen, B.S., Hempstead, B.L., Lee, F.S., 2006. Genetic variant BDNF (Val66Met) 
polymorphism alters anxiety-related behavior. Science (New York, N.Y.) 314, 140-143. 
Chen, Z.Y., Patel, P.D., Sant, G., Meng, C.X., Teng, K.K., Hempstead, B.L., Lee, F.S., 2004. 
Variant brain-derived neurotrophic factor (BDNF) (Met66) alters the intracellular 
trafficking and activity-dependent secretion of wild-type BDNF in neurosecretory cells 
and cortical neurons. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 24, 4401-4411. 
Choi, S., Han, K.M., Kang, J., Won, E., Chang, H.S., Tae, W.S., Son, K.R., Kim, S.J., Lee, M.S., 
Ham, B.J., 2016. Effects of a polymorphism of the neuronal amino acid transporter 
SLC6A15 gene on structural integrity of white matter tracts in major depressive disorder. 
PloS one 11. 
Cole, J., Weinberger, D.R., Mattay, V.S., Cheng, X., Toga, A.W., Thompson, P.M., Powell-
Smith, G., Cohen-Woods, S., Simmons, A., McGuffin, P., Fu, C.H., 2011. No effect of 5HTTLPR 
or BDNF Val66Met polymorphism on hippocampal morphology in major depression. 
Genes, brain, and behavior 10, 756-764. 
CONVERGE consortium, 2015. Sparse whole-genome sequencing identifies two loci for 
major depressive disorder. Nature 523, 588-591. 
Culverhouse, R.C., Saccone, N.L., Horton, A.C., Ma, Y., Anstey, K.J., Banaschewski, T., 
Burmeister, M., Cohen-Woods, S., Etain, B., 2017. Collaborative meta-analysis finds no 
evidence of a strong interaction between stress and 5-HTTLPR genotype contributing to 
the development of depression. 
Cuthbert, B.N., Insel, T.R., 2013. Toward the future of psychiatric diagnosis: the seven 
pillars of RDoC. BMC medicine 11, 126. 
DerSimonian, R., Laird, N., 1986. Meta-analysis in clinical trials. Controlled clinical trials 7, 
177-188. 
Direk, N., Williams, S., Smith, J.A., Ripke, S., Air, T., Amare, A.T., Amin, N., Baune, B.T., 
Bennett, D.A., Blackwood, D.H.R., Boomsma, D., Breen, G., Buttenschon, H.N., Byrne, E.M., 
Borglum, A.D., Castelao, E., Cichon, S., Clarke, T.K., Cornelis, M.C., Dannlowski, U., De Jager, 
P.L., Demirkan, A., Domenici, E., van Duijn, C.M., Dunn, E.C., Eriksson, J.G., Esko, T., Faul, 
J.D., Ferrucci, L., Fornage, M., de Geus, E., Gill, M., Gordon, S.D., Grabe, H.J., van Grootheest, 
G., Hamilton, S.P., Hartman, C.A., Heath, A.C., Hek, K., Hofman, A., Homuth, G., Horn, C., Jan 
Hottenga, J., Kardia, S.L.R., Kloiber, S., Koenen, K., Kutalik, Z., Ladwig, K.H., Lahti, J., 
Levinson, D.F., Lewis, C.M., Lewis, G., Li, Q.S., Llewellyn, D.J., Lucae, S., Lunetta, K.L., 
MacIntyre, D.J., Madden, P., Martin, N.G., McIntosh, A.M., Metspalu, A., Milaneschi, Y., 
Montgomery, G.W., Mors, O., Mosley, T.H., Jr., Murabito, J.M., Muller-Myhsok, B., Nothen, 
M.M., Nyholt, D.R., O'Donovan, M.C., Penninx, B.W., Pergadia, M.L., Perlis, R., Potash, J.B., 
Preisig, M., Purcell, S.M., Quiroz, J.A., Raikkonen, K., Rice, J.P., Rietschel, M., Rivera, M., 
Schulze, T.G., Shi, J., Shyn, S., Sinnamon, G.C., Smit, J.H., Smoller, J.W., Snieder, H., Tanaka, 
T., Tansey, K.E., Teumer, A., Uher, R., Umbricht, D., Van der Auwera, S., Ware, E.B., Weir, 
D.R., Weissman, M.M., Willemsen, G., Yang, J., Zhao, W., Tiemeier, H., Sullivan, P.F., 2017. 
An Analysis of Two Genome-wide Association Meta-analyses Identifies a New Locus for 
Broad Depression Phenotype. Biological psychiatry 82, 322-329. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Duman, R.S., Heninger, G.R., Nestler, E.J., 1997. A molecular and cellular theory of 
depression. Archives of general psychiatry 54, 597-606. 
Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related mood 
disorders. Biological psychiatry 59, 1116-1127. 
Duval, S., Tweedie, R., 2000. Trim and fill: A simple funnel-plot-based method of testing 
and adjusting for publication bias in meta-analysis. Biometrics 56, 455-463. 
Egger, M., Davey Smith, G., Schneider, M., Minder, C., 1997. Bias in meta-analysis detected 
by a simple, graphical test. BMJ (Clinical research ed.) 315, 629-634. 
Frodl, T., Koutsouleris, N., Bottlender, R., Born, C., Jager, M., Morgenthaler, M., 
Scheuerecker, J., Zill, P., Baghai, T., Schule, C., Rupprecht, R., Bondy, B., Reiser, M., Moller, 
H., Meisenzahl, E., 2008. Reduced gray matter brain volumes are associated with variants 
of the serotonin transporter gene in major depression. Molecular Psychiatry 13, 1093 -
1101. 
Frodl, T., Meisenzahl, E.M., Zill, P., Baghai, T., Rujescu, D., Leinsinger, G., Bottlender, R., 
Schule, C., Zwanzger, P., Engel, R.R., Rupprecht, R., Bondy, B., Reiser, M., Moller, H.J., 2004. 
Reduced hippocampal volumes associated with the long variant of the serotonin 
transporter polymorphism in major depression. Archives of general psychiatry 61, 177-
183. 
Frodl, T., Reinhold, E., Koutsouleris, N., Donohoe, G., Bondy, B., Reiser, M., Moller, H.J., 
Meisenzahl, E.M., 2010. Childhood stress, serotonin transporter gene and brain structures 
in major depression. Neuropsychopharmacology : official publication of the American 
College of Neuropsychopharmacology 35, 1383-1390. 
Frodl, T., Skokauskas, N., Frey, E.M., Morris, D., Gill, M., Carballedo, A., 2014. BDNF 
Val66Met genotype interacts with childhood adversity and influences the formation of 
hippocampal subfields. Human brain mapping 35, 5776-5783. 
Fusar-Poli, P., Radua, J., Frascarelli, M., Mechelli, A., Borgwardt, S., Di Fabio, F., Biondi, M., 
Ioannidis, J.P., David, S.P., 2014. Evidence of reporting biases in voxel-based morphometry 
(VBM) studies of psychiatric and neurological disorders. Human brain mapping 35, 3052 -
3065. 
Gryglewski, G., Lanzenberger, R., Kranz, G.S., Cumming, P., 2014. Meta-analysis of 
molecular imaging of serotonin transporters in major depression. Journal of cerebral 
blood flow and metabolism : official journal of the International Society of Cerebral Blood 
Flow and Metabolism 34, 1096-1103. 
Gurung, R., Prata, D.P., 2015. What is the impact of genome-wide supported risk variants 
for schizophrenia and bipolar disorder on brain structure and function? A systematic 
review. Psychological medicine 45, 2461-2480. 
Harrisberger, F., Smieskova, R., Schmidt, A., Lenz, C., Walter, A., Wittfeld, K., Grabe, H.J., 
Lang, U.E., Fusar-Poli, P., Borgwardt, S., 2015. BDNF Val66Met polymorphism and 
hippocampal volume in neuropsychiatric disorders: A systematic review and meta-
analysis. Neuroscience and biobehavioral reviews 55, 107-118. 
Hedges, L.V., 1981. Distribution Theory for Glass's Estimator of Effect Size and Related 
Estimators on JSTOR. Journal of Educational Statistics 6, 107-128. 
Hedges, L.V., Pigott, T.D., 2001. The power of statistical tests in meta-analysis. 
Psychological methods 6, 203-217. 
Hickie, I.B., Naismith, S.L., Ward, P.B., Scott, E.M., Mitchell, P.B., Schofield, P.R., Scimone, A., 
Wilhelm, K., Parker, G., 2007. Serotonin transporter gene status predicts caudate nucleus 
but not amygdala or hippocampal volumes in older persons with major depression. 
Journal of affective disorders 98, 137-142. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Hofer, S., Frahm, J., 2006. Topography of the human corpus callosum revisited--
comprehensive fiber tractography using diffusion tensor magnetic resonance imaging. 
NeuroImage 32, 989-994. 
Huang, H., Fan, X., Williamson, D.E., Rao, U., 2011. White matter changes in healthy 
adolescents at familial risk for unipolar depression: a diffusion tensor imaging study. 
Neuropsychopharmacology : official publication of the American College of 
Neuropsychopharmacology 36, 684-691. 
Hyde, C.L., Nagle, M.W., Tian, C., Chen, X., Paciga, S.A., Wendland, J.R., 2016. Identification 
of 15 genetic loci associated with risk of major depression in individuals of European 
descent.  48, 1031-1036. 
Ioannidis, J.P., 2011. Excess significance bias in the literature on brain volume 
abnormalities. Archives of general psychiatry 68, 773-780. 
Jacobs, R.H., Jenkins, L.M., Gabriel, L.B., Barba, A., Ryan, K.A., Weisenbach, S.L., Verges, A., 
Baker, A.M., Peters, A.T., Crane, N.A., Gotlib, I.H., Zubieta, J.K., Phan, K.L., Langenecker, S.A., 
Welsh, R.C., 2014. Increased coupling of intrinsic networks in remitted depressed youth 
predicts rumination and cognitive control. PloS one 9, e104366. 
Jones, N.P., Fournier, J.C., Stone, L.B., 2017. Neural correlates of autobiographical problem-
solving deficits associated with rumination in depression. Journal of affective disorders 
218, 210-216. 
Kanellopoulos, D., Gunning, F.M., Morimoto, S.S., Hoptman, M.J., Murphy, C.F., Kelly, R.E., 
Glatt, C., Lim, K.O., Alexopoulos, G.S., 2011. Hippocampal volumes and the brain-derived 
neurotrophic factor val66met polymorphism in geriatric major depression. The American 
journal of geriatric psychiatry : official journal of the American Association for Geriatric 
Psychiatry 19, 13-22. 
Karg, K., Burmeister, M., Shedden, K., Sen, S., 2011. The serotonin transporter promoter 
variant (5-HTTLPR), stress, and depression meta-analysis revisited: evidence of genetic 
moderation. Archives of general psychiatry 68, 444-454. 
Kendler, K.S., 2016. The Phenomenology of Major Depression and the Representativeness 
and Nature of DSM Criteria. The American journal of psychiatry 173, 771-780. 
Kohler, C.A., Freitas, T.H., Maes, M., de Andrade, N.Q., Liu, C.S., Fernandes, B.S., Stubbs, B., 
Solmi, M., Veronese, N., Herrmann, N., Raison, C.L., Miller, B.J., Lanctot, K.L., Carvalho, A.F., 
2017. Peripheral cytokine and chemokine alterations in depression: a meta-analysis of 82 
studies.  135, 373-387. 
Lau, J., Ioannidis, J.P., Schmid, C.H., 1997. Quantitative synthesis in systematic reviews. 
Annals of internal medicine 127, 820-826. 
Lisiecka, D.M., O'Hanlon, E., Fagan, A.J., Carballedo, A., Morris, D., Suckling, J., Frodl, T., 
2015. BDNF Val66Met polymorphism in patterns of neural activation in individuals with 
MDD and healthy controls. Journal of affective disorders 184, 239-244. 
Little, J., Higgins, J.P., Ioannidis, J.P., Moher, D., Gagnon, F., von Elm, E., Khoury, M.J., Cohen, 
B., Davey-Smith, G., Grimshaw, J., Scheet, P., Gwinn, M., Williamson, R.E., Zou, G.Y., 
Hutchings, K., Johnson, C.Y., Tait, V., Wiens, M., Golding, J., van Duijn, C., McLaughlin, J., 
Paterson, A., Wells, G., Fortier, I., Freedman, M., Zecevic, M., King, R., Infante-Rivard, C., 
Stewart, A., Birkett, N., 2009. STrengthening the REporting of Genetic Association studies 
(STREGA)--an extension of the STROBE statement. European journal of clinical 
investigation 39, 247-266. 
Maltbie, E., Bhatt, K., Paniagua, B., Smith, R.G., Graves, M.M., Mosconi, M.W., Peterson, S., 
White, S., Blocher, J., El-Sayed, M., Hazlett, H.C., Styner, M.A., 2012. Asymmetric bias in 
user guided segmentations of brain structures. NeuroImage 59, 1315-1323. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Miskowiak, K.W., Carvalho, A.F., 2014. 'Hot' cognition in major depressive disorder: a 
systematic review. CNS & neurological disorders drug targets 13, 1787-1803. 
Moher, D., Liberati, A., Tetzlaff, J., Altman, D.G., 2010. Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. International journal of 
surgery (London, England) 8, 336-341. 
Molendijk, M.L., Bus, B.A., Spinhoven, P., Kaimatzoglou, A., Oude Voshaar, R.C., Penninx, 
B.W., van, I.M.H., Elzinga, B.M., 2012a. A systematic review and meta-analysis on the 
association between BDNF val(66)met and hippocampal volume--a genuine effect or a 
winners curse? American journal of medical genetics. Part B, Neuropsychiatric genetics : 
the official publication of the International Society of Psychiatric Genetics 159b, 731-740. 
Molendijk, M.L., Spinhoven, P., Polak, M., Bus, B.A., Penninx, B.W., Elzinga, B.M., 2014. 
Serum BDNF concentrations as peripheral manifestations of depression: evidence from a 
systematic review and meta-analyses on 179 associations (N=9484). Mol Psychiatry 19, 
791-800. 
Molendijk, M.L., van Tol, M.J., Penninx, B.W., van der Wee, N.J., Aleman, A., Veltman, D.J., 
Spinhoven, P., Elzinga, B.M., 2012b. BDNF val66met affects hippocampal volume and 
emotion-related hippocampal memory activity. Translational psychiatry 2, e74. 
Muller, V.I., Cieslik, E.C., Serbanescu, I., Laird, A.R., Fox, P.T., Eickhoff, S.B., 2017. Altered 
Brain Activity in Unipolar Depression Revisited: Meta-analyses of Neuroimaging Studies. 
JAMA psychiatry 74, 47-55. 
Mullins, N., Lewis, C.M., 2017. Genetics of Depression: Progress at Last. Current psychiatry 
reports 19, 43. 
Otte, C., Gold, S.M., Penninx, B.W., Pariante, C.M., Etkin, A., Fava, M., Mohr, D.C., Schatzberg, 
A.F., 2016. Major depressive disorder. Nature reviews. Disease primers 2, 16065. 
Patsopoulos, N.A., Evangelou, E., Ioannidis, J.P., 2009. Heterogeneous views on 
heterogeneity. International journal of epidemiology 38, 1740-1742. 
Pereira, L.P., Kohler, C.A., de Sousa, R.T., Solmi, M., de Freitas, B.P., Fornaro, M., Machado -
Vieira, R., Miskowiak, K.W., Vieta, E., Veronese, N., Stubbs, B., Carvalho, A.F., 2017. The 
relationship between genetic risk variants with brain structure and function in bipolar 
disorder: A systematic review of genetic-neuroimaging studies. Neuroscience and 
biobehavioral reviews 79, 87-109. 
Pizzagalli, D.A., 2011. Frontocingulate dysfunction in depression: toward biomarkers  of 
treatment response. Neuropsychopharmacology : official publication of the American 
College of Neuropsychopharmacology 36, 183-206. 
Radua, J., Mataix-Cols, D., 2009. Voxel-wise meta-analysis of grey matter changes in 
obsessive-compulsive disorder. The British journal of psychiatry : the journal of mental 
science 195, 393-402. 
Radua, J., Mataix-Cols, D., 2012. Meta-analytic methods for neuroimaging data explained. 
Biology of mood & anxiety disorders 2, 6. 
Radua, J., Mataix-Cols, D., Phillips, M.L., El-Hage, W., Kronhaus, D.M., Cardoner, N., 
Surguladze, S., 2012. A new meta-analytic method for neuroimaging studies that 
combines reported peak coordinates and statistical parametric maps. European 
psychiatry : the journal of the Association of European Psychiatrists 27, 605-611. 
Rodriguez-Cano, E., Alonso-Lana, S., Sarro, S., Fernandez-Corcuera, P., Goikolea, J.M., Vieta, 
E., Maristany, T., Salvador, R., McKenna, P.J., Pomarol-Clotet, E., 2017. Differential failure 
to deactivate the default mode network in unipolar and bipolar depression. Bipolar 
Disord 19, 386-395. 
Rosenthal, R., 2017. The file drawer problem and tolerance for null results. Psychological 
Bulletin 86. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Schoemaker, D., Buss, C., Head, K., Sandman, C.A., Davis, E.P., Chakravarty, M.M., Gauthier, 
S., Pruessner, J.C., 2016. Hippocampus and amygdala volumes from magnetic resonance 
images in children: Assessing accuracy of FreeSurfer and FSL against manual 
segmentation. NeuroImage 129, 1-14. 
Spies, M., Knudsen, G.M., Lanzenberger, R., Kasper, S., 2015. The serotonin transporter in 
psychiatric disorders: insights from PET imaging. The lancet. Psychiatry 2, 743-755. 
Stein, J.L., Medland, S.E., Vasquez, A.A., Hibar, D.P., Senstad, R.E., Winkler, A.M., Toro, R., 
Appel, K., Bartecek, R., Bergmann, O., Bernard, M., Brown, A.A., Cannon, D.M., Chakravarty, 
M.M., Christoforou, A., Domin, M., Grimm, O., Hollinshead, M., Holmes, A.J., Homuth, G., 
Hottenga, J.J., Langan, C., Lopez, L.M., Hansell, N.K., Hwang, K.S., Kim, S., Laje, G., Lee, P.H., 
Liu, X., Loth, E., Lourdusamy, A., Mattingsdal, M., Mohnke, S., Maniega, S.M., Nho, K., 
Nugent, A.C., O'Brien, C., Papmeyer, M., Putz, B., Ramasamy, A., Rasmussen, J., Rijpkema, 
M., Risacher, S.L., Roddey, J.C., Rose, E.J., Ryten, M., Shen, L., Sprooten, E., Strengman, E., 
Teumer, A., Trabzuni, D., Turner, J., van Eijk, K., van Erp, T.G., van Tol, M.J., Wittfeld, K., 
Wolf, C., Woudstra, S., Aleman, A., Alhusaini, S., Almasy, L., Binder, E.B., Brohawn, D.G., 
Cantor, R.M., Carless, M.A., Corvin, A., Czisch, M., Curran, J.E., Davies, G., de Almeida, M.A., 
Delanty, N., Depondt, C., Duggirala, R., Dyer, T.D., Erk, S., Fagerness, J., Fox, P.T., Freimer, 
N.B., Gill, M., Goring, H.H., Hagler, D.J., Hoehn, D., Holsboer, F., Hoogman, M., Hosten, N., 
Jahanshad, N., Johnson, M.P., Kasperaviciute, D., Kent, J.W., Jr., Kochunov, P., Lancaster, J.L., 
Lawrie, S.M., Liewald, D.C., Mandl, R., Matarin, M., Mattheisen, M., Meisenzahl, E., Melle, I., 
Moses, E.K., Muhleisen, T.W., Nauck, M., Nothen, M.M., Olvera, R.L., Pandolfo, M., Pike, G.B., 
Puls, R., Reinvang, I., Renteria, M.E., Rietschel, M., Roffman, J.L., Royle, N.A., Rujescu, D., 
Savitz, J., Schnack, H.G., Schnell, K., Seiferth, N., Smith, C., Steen, V.M., Valdes Hernandez, 
M.C., Van den Heuvel, M., van der Wee, N.J., Van Haren, N.E., Veltman, J.A., Volzke, H., 
Walker, R., Westlye, L.T., Whelan, C.D., Agartz, I., Boomsma, D.I., Cavalleri, G.L., Dale, A.M., 
Djurovic, S., Drevets, W.C., Hagoort, P., Hall, J., Heinz, A., Jack, C.R., Jr., Foroud, T.M., Le 
Hellard, S., Macciardi, F., Montgomery, G.W., Poline, J.B., Porteous, D.J., Sisodiya, S.M., Starr, 
J.M., Sussmann, J., Toga, A.W., Veltman, D.J., Walter, H., Weiner, M.W., Bis, J.C., Ikram, M.A., 
Smith, A.V., Gudnason, V., Tzourio, C., Vernooij, M.W., Launer, L.J., DeCarli, C., Seshadri, S., 
Andreassen, O.A., Apostolova, L.G., Bastin, M.E., Blangero, J., Brunner, H.G., Buckner, R.L., 
Cichon, S., Coppola, G., de Zubicaray, G.I., Deary, I.J., Donohoe, G., de Geus, E.J., Espeseth, T., 
Fernandez, G., Glahn, D.C., Grabe, H.J., Hardy, J., Hulshoff Pol, H.E., Jenkinson, M., Kahn, R.S., 
McDonald, C., McIntosh, A.M., McMahon, F.J., McMahon, K.L., Meyer-Lindenberg, A., Morris, 
D.W., Muller-Myhsok, B., Nichols, T.E., Ophoff, R.A., Paus, T., Pausova, Z., Penninx, B.W., 
Potkin, S.G., Samann, P.G., Saykin, A.J., Schumann, G., Smoller, J.W., Wardlaw, J.M., Weale, 
M.E., Martin, N.G., Franke, B., Wright, M.J., Thompson, P.M., 2012. Identification of common 
variants associated with human hippocampal and intracranial volumes. Nature genetics 
44, 552-561. 
Sullivan, P.F., Neale, M.C., Kendler, K.S., 2000. Genetic epidemiology of major depression: 
review and meta-analysis. The American journal of psychiatry 157, 1552-1562. 
Taylor, W.D., Steffens, D.C., Payne, M.E., MacFall, J.R., Marchuk, D.A., Svenson, I.K., 
Krishnan, K.R., 2005. Influence of serotonin transporter promoter region polymorphisms 
on hippocampal volumes in late-life depression. Archives of general psychiatry 62, 537-
544. 
Tham, M.W., Woon, P.S., Sum, M.Y., Lee, T.S., Sim, K., 2011. White matter abnormalities in 
major depression: evidence from post-mortem, neuroimaging and genetic studies. Journal 
of affective disorders 132, 26-36. 
Trikalinos, R.F., Gerald, G., Mark, G., Tatyana, S., Art, S., Timothy, J.W., Lauren, G., Mark, O., 
Parminder, R., Afisi, I., Pasqualina, S., Joseph, L., Thomas, A., 2010. Conducting 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Quantitative Synthesis When Comparing Medical Interventions: AHRQ and the Effective 
Health Care Program. 
Vialou, V., Feng, J., Robison, A.J., Nestler, E.J., 2013. Epigenetic mechanisms of depression 
and antidepressant action. Annual review of pharmacology and toxicology 53, 59-87. 
Vian, J., Pereira, C., Chavarria, V., Kohler, C., Stubbs, B., Quevedo, J., Kim, S.W., Carvalho, 
A.F., Berk, M., Fernandes, B.S., 2017. The renin-angiotensin system: a possible new target 
for depression. BMC medicine 15, 144. 
von Elm, E., Altman, D.G., Egger, M., Pocock, S.J., Gotzsche, P.C., Vandenbroucke, J.P., 2008. 
[The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 
statement: guidelines for reporting of observational studies]. Der Internist 49, 688-693. 
Wang, L., Ashley-Koch, A., Steffens, D., Krishnan, K., Taylor, W., 2012. Impact of BDNF 
Val66Met and 5-HHTTLPR polymorphism variants on neural substrates related to 
sadness and executive function. Genes, Brain & Behavior 11, 352-359. 
Wise, T., Radua, J., Nortje, G., Cleare, A.J., Young, A.H., Arnone, D., 2016a. Voxel-Based 
Meta-Analytical Evidence of Structural Disconnectivity in Major Depression and Bipolar 
Disorder. Biological psychiatry 79, 293-302. 
Wise, T., Radua, J., Via, E., Cardoner, N., Abe, O., 2016b. Common and distinct patterns of 
grey-matter volume alteration in major depression and bipolar disorder: evidence from 
voxel-based meta-analysis. 
Wray, N.R., Lee, S.H., Mehta, D., Vinkhuyzen, A.A., Dudbridge, F., Middeldorp, C.M., 2014. 
Research review: Polygenic methods and their application to psychiatric traits. Journal of 
child psychology and psychiatry, and allied disciplines 55, 1068-1087. 
Yin, Y., Hou, Z., Wang, X., Sui, Y., Yuan, Y., 2015. The BDNF Val66Met polymorphism, 
resting-state hippocampal functional connectivity and cognitive deficits in acute late-
onset depression. Journal of affective disorders 183, 22-30. 
Zhang, H., Li, L., Wu, M., Chen, Z., Hu, X., Chen, Y., Zhu, H., Jia, Z., Gong, Q., 2016. Brain gray 
matter alterations in first episodes of depression: A meta-analysis of whole-brain studies. 
Neuroscience and biobehavioral reviews 60, 43-50. 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
FIGURE LEGENDS: 
 
Fig. 1. PRISMA flowchart of study selection process. 
Fig. 2. Forest plots of studies that assessed differences in total hippocampal volumes in 
participants with MDD carrying genetic risk variants (RCs) versus non- carriers (NRCs) 
of (a) 5-HTTLPR and (b) BDNF Val66Met polymorphisms. For the 5-HTTLPR, RCs are 
carriers of the short ‘S’ allele, and for the BDNF Val66Met, RCs are carriers of the Met allele. 
Effect sizes (ESs) are synthesized as Hedges’s g (and 95% CIs) under random-effects 
modelling. Squares depict ES of individual studies (dimension is proportional to study weight), 
and diamonds represent summary ES estimates. A positive ES represent lower volumes in RCs 
relative to NRCs. * The Frodl, 2004 and Hickie, 2007 studies reported measures of the right 
and left hippocampi combined, while the other studies reported separate measures for the right 
or left sides. In these studies, the right and left values were first combined within the study to 
provide effect sizes. 
Fig. 3. Anatomical distribution of diffusion tensor imaging (DTI) fractional anisotropy 
(FA) changes in MDD subjects carrying the 5-HTTLPR short ‘S’ risk-allele vs. non-
carriers of the risk allele (long ‘L’ allele). Areas with reduced FA in the risk carriers include 
the corpus callosum, the left superior longitudinal fasciculus III and right cortico-spinal 
projections. The FA map is superimposed on a high-resolution T1-weighted template with 
skeletons for the brain tracts. Data are shown going from the right hemisphere to the left 
hemisphere. The skeletons represented in each small image are: 1, Right cortico-spinal 
projections; 2, Right thalamus; 3, Brain-stem; 4, Left cortico-spinal projections; 5-7, Left 
inferior fronto-occipital fasciculus/optic radiations; 8, Left superior longitudinal fasciculus. 
Abbreviations: MDD, Major depressive disorder; 5-HTTLPR, Serotonin transporter- linked 
promoter region. 
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Fig 4. Increases in gray matter with hyperactivation (or failure to deactivate) in the right 
middle frontal gyrus among MDD participants carrying the BDNF Val66Met ‘Met’ risk-
allele vs non-carriers (‘Val’ allele). Abbreviations: MDD, Major depressive disorder; BDNF, 
brain-derived neurotrophic factor. 
 
  
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
Table 1. Primary meta-analyses of studies measuring region-of-interest volume or activation in 
carriers vs. non-carriers of 5-HTTLPR or BDNF Val66Met polymorphisms in participants with 
MDD or healthy controls. For the 5-HTTLPR, RCs are carriers of the short ‘S’ allele, and for the BDNF 
Val66Met, RCs are carriers of the ‘Met’ allele. 
Gene and 
region of 
interest 
N 
stu
die
s 
N
  
R
C 
N  
N
R
C 
ES 
(95% 
CI) 
P-
value 
(overal
l)* 
I
2 
P-
value 
(Egger
) † 
Small-
study 
effects ‡ 
Fail
-
safe 
N 
Adjusted 
ES (95% 
CI)§ 
MDD           
5-HTTLPR 
Total 
hippocampus 
volume 
8 
2
1
1 
9
9 
0.193 (-
0.074 ‒ 
0.460) 
0.157 
1
5
.
5 
0.321 N 0 
0.193 (-
0.074 ‒ 
0.460) 
5-HTTLPR 
Right 
hippocampus 
volume 
6 
1
5
7 
6
8 
0.318 (-
0.040 ‒ 
0.676) 
0.082 
2
7
.
9 
0.424 N 1 
0.318 (-
0.040 ‒ 
0.676) 
5-HTTLPR 
Left 
hippocampus 
volume 
6 
1
5
7 
6
8 
0.269 (-
0.095 ‒ 
0.633) 
0.147 
3
0
.
0 
0.447 N 0 
0.269 (-
0.095 ‒ 
0.633) 
BDNF Total 
hippocampus 
volume 
8 
1
4
2 
2
4
4 
0.029 (-
0.243 ‒ 
0.302) 
0.832 
3
5
.
6 
0.348 N 0 
0.029 (-
0.243 ‒ 
0.302) 
BDNF Right 
hippocampus 
volume 
8 
1
4
2 
2
4
4 
0.034 (-
0.293 ‒ 
0.361) 
0.837 
5
4
.
6 
0.505 N 0 
0.034 (-
0.293 ‒ 
0.361) 
BDNF Left 
hippocampus 
volume 
8 
1
4
2 
2
4
4 
0.027 (-
0.209 ‒ 
0.263) 
0.825 
1
7
.
2 
0.214 N 0 
0.027 (-
0.209 ‒ 
0.263) 
5-HTTLPR 
Total amygdala 
function 
3 
8
1 
3
3 
-0.896 (-
2.099 ‒ 
0.308) 
0.145 
8
4
.
8 
0.377 N 6 
-0.896 (-
2.099 ‒ 
0.308) 
Healthy 
Controls 
          
5-HTTLPR 
Total 
hippocampus 
volume 
5 
1
6
0 
7
0 
0.200 (-
0.081 ‒ 
0.482) 
0.163 0 0.035 Y 0 
0.127 (-
0.133 ‒ 
0.387) 
5-HTTLPR 
Right 
hippocampus 
volume 
4 
1
5
2 
6
2 
0.157 (-
0.137 ‒ 
0.452) 
0.296 
0
.
0 
0.079 Y 0 
0.080 (-
0.180 ‒ 
0.340) 
5-HTTLPR 
Left 
4 
1
5
6
2 
0.146 (-
0.149 ‒ 
0.332 
0
.
0.100 N 0 
0.064 (-
0.197 ‒ 
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hippocampus 
volume 
2 0.440) 0 0.324) 
BDNF Total 
hippocampus 
volume 
6 
1
3
6 
2
4
0 
0.221 (-
0.207 ‒ 
0.649) 
0.311 
7
3
.
4 
0.662 N 0 
0.221 (-
0.207 ‒ 
0.649) 
BDNF Right 
hippocampus 
volume 
6 
1
3
6 
2
4
0 
0.264 (-
0.269 ‒ 
0.796) 
0.331 
8
2
.
6 
0.609 N 1 
0.264 (-
0.269 ‒ 
0.796) 
BDNF Left 
hippocampus 
volume 
6 
1
3
6 
2
4
0 
0.177 (-
0.151 ‒ 
0.504) 
0.291 
5
5
.
6 
0.734 N 0 
0.177 (-
0.151 ‒ 
0.504) 
5-HTTLPR 
Total amygdala 
function 
3 
5
4 
2
3 
-0.364 (-
1.775 ‒ 
1.047) 
0.613 
8
6
.
5 
0.670 N 0 
-0.364 (-
1.775 ‒ 
1.047) 
Abbreviations: CI, confidence interval; ES, effect size; 5-HTTLPR, Serotonin transporter-linked promoter 
region; BDNF, brain-derived neurotrophic factor; MDD, major depressive disorder; RC, risk-allele carriers; 
NRC, non-risk carriers; Y, Yes; N, No; NA, not available due to the small number of studies; statistically 
significant results are in bold.  
* In Z-test of overall effect. 
† In Egger’s test of publication bias. 
‡ P < 0.1 in Egger’s test of publication bias and effect size of the largest study more conservative than the 
overall effect size or in the opposite direction. 
§ Adjusted using Duval and Tweedie’s trim-and-fill procedure. 
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Highlights 
 Genetic-neuroimaging paradigms may provide neurobiological insights to 
heterogeneous phenotypes like depression; 
 A systematic review and meta-analysis of gene- imaging studies involving samples with 
depression was performed; 
 Sixty-five studies (N=4034 participants with depression) met inclusion criteria; 
 Carriers of the BDNF Val66Met risk allele may have hyperactivation and elevated gray 
matter volumes of the right middle frontal gyrus; 
 Exploratory voxel-wise meta-analysis suggests that carriers of the 5-HTTLPR risk 
allele may have white matter microstructural abnormalities compared to non-carriers 
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